Abstract-This paper presents a simple methodology for river flood risk map prediction in an urbanized area. River flood risk map is a function of hazard, vulnerability and exposure. Hence, in this case, water depth and flow velocity (river flood hazard), land-use type, road accessibility and debris flow (vulnerability and exposure) were incorporated. Furthermore, a systematic methodology was proposed in order to develop and predict river flood risk map for a range of defined scenarios. Therefore, a total of 6 scenarios were identified including three rainfall magnitude (20 year, 50 year and 100 year ARI) and two river basin development conditions (existing and ultimate). The risk components were combined in GIS interface and categorized based on a proposed risk value classification. This case study confirms the efficiency of the proposed method to some extent. However, more detailed analysis need to be undertaken towards a well-developed and applicable framework.
I. INTRODUCTION
Starting in the year 2000s, extreme rainfall events with high intensity is no longer a new issue in Malaysian urban cities, especially in the West Coast area. This phenomenon is formed mostly through convection process [1] . Hence, flooding is one of the major natural hazards affecting communities across Malaysia and has caused damages worth millions of dollars every year. For instance, the required allocation for flood mitigation projects has increased almost 600% (RM 6000 million) for the 8 th Malaysian Plan compared to RM 1000 million during the 7 th Malaysian Plan [2] .
Natural risk can be defined as the probability of harmful consequences or expected loss (of lives, people injured, property, livelihoods, economic activity disrupted or environment damaged) resulting from interactions between natural or human-induced hazards and vulnerable conditions [3] . Risk is sometimes taken as synonymous with hazard, but risk has additional implication of the chance and probability a particular hazard actually occurring. In fact, hazard refers to the probability of a potentially dangerous phenomenon occurring in a given location within a specified period of time [4] . Therefore, risk does not exist if exposure to a harmful situation does not or will not occur [5] [6] .
River flood mapping is the process of determining inundation extents and depth by comparing river water levels with ground elevation. The process requires the understanding of flow dynamics over the river and the 1 Discipline of Civil Engineering, School of Engineering, Monash University Malaysia, Bandar Sunway, Selangor, Malaysia, Email: sina.alaghmand@monash.edu 2 School of Civil Engineering, Universiti Sains Malaysia, Penang, Malaysia adjacent floodplain, topographic relationships and the sound judgments of the modeler. In fact, river flood mapping is the foundation of river flood risk prediction, which can be produced using water depth, flood extent, flow velocity and flood duration maps [7] . All the existing methods for flood mapping can be grouped into three major categories namely analytical, historical and physiographic methods [8] . These three methods use same procedure to delineate floodplain boundaries by determining the flood elevation at each river cross section. The boundaries are then interpolated between the cross section. The three methods differ only in the way they determine the water surface profile. River flood mapping involves three main components as follows [9] :
i. GIS interface as pre-processor (to extract geospatial data) and post-processor (to visualize model outputs) (i.e. HEC-GeoHMS and HEC-GeoRAS).
ii. Hydrological model, which develops rainfall-runoff hydrograph from a design rainfall or historic rainfall event (i.e. HEC-HMS).
iii. Hydraulic model, which routes the runoff through river channel to determine water profiles and flow velocity (i.e. HEC-RAS).
The increasing availability of powerful GIS software packages offer new opportunities for engineers to perform flood mapping incorporated with hydrological and hydraulic models [7] . This is essential as flood modelling is inherently spatial and hydrological and hydraulic models have large spatially distributed data requirements [10] . In recent years, efforts have been made to integrate hydrological and hydraulic models and GIS to enhance the model outputs, which led to the establishment of a new branch of hydraulics and hydrology, namely, hydro-informatics. In general, there are four methods for incorporating of river basin models into GIS. They are classified as stand-alone system, loose coupling system, tight coupling system and embedded system. In this regard, HEC-GeoRAS and HEC-GeoHMS, which were utilized in this study, are among tight coupling system. This paper presents a simple methodology to generate river flood risk map in an urban area. To this aim, water depth and flow velocity (river flood hazard), land-use type, road accessibility and debris flow (vulnerability and exposure) were incorporated. Moreover, the proposed methodology was utilized for a case study in Kuala Lumpur for numbers of defined scenarios.
II. MATERIAL AND METHOD

A. Method
The proposed methodology in this research included five main components; hydrological modelling, hydraulic modelling, river flood visualization, river flood hazard mapping and river flood risk mapping. Note that, in this This research involves integration of two numerical models: HEC Hydrologic Modelling System (HEC-HMS) as a hydrologic model to simulate rainfall-runoff process and HEC River Analysis System (HEC-RAS) as a hydraulic model to route the runoff through river to determine water surface profiles and flow velocity. In order to assess the effects of rainfall event magnitude (ARI) and also river basin land-use development condition on the river flood hazard maps, six scenarios were defined. These include three different ARI (20, 50 and 100 years) and two land-use development conditions (existing and ultimate). In all the defined scenarios rainfall events with 60 minutes duration are taken into account. Note that, in order to differentiate between the various developments conditions, different percentages of imperviousness were defined for each development conditions (Table I) . B. Study area Kayu Ara river basin is the case study in this research, which is located in Kuala Lumpur, Malaysia. The study area covers an area of 23.22 km 2 and is geographically surrounded within N 3° 6΄ to N 3° 11΄ and E 101° 35΄ to E 101° 39΄. Kayu Ara river basin is a well-developed urban area with different land-use and also high population density, and also, 10 rainfall stations and one water level station at the outlet were available (Figure 1a) . 
III. RESULTS AND DISCUSSION
A. Hydrological modelling HEC-HMS was used as the hydrological model in this research, which was linked to GIS using HEC-GeoHMS extension to extract geospatial input data (Figure 1b ). To develop a reliable numerical model establishing the credibility of the model is essential. It includes sensitivity analysis, calibration and validation processes. Sensitivity analyses were applied to highlight the most sensitive parameters in the hydrological model. The results of sensitivity analysis showed that imperviousness, lag-time and peaking coefficient were the most sensitive parameters. Moreover, the recorded time series data with 10 minute intervals was available since 1996. Among the recorded rainfall and water level time series, 18 rainfall events were selected for calibration and 18 rainfall events for validation. The established hydrological model for Kayu Ara was used to simulate the rainfall-runoff process based on rainfall design hyetograph extracted from MSMA guideline [11] . Therefore, IDF polynomial equation for, three ARI (20, 50 and 100 years) were used to derive the design rainfall for 60 minutes events as an input to HEC-HMS hydrological model ( Figure  2 ). The modeled runoff hydrograph for each scenario, produced by the validated hydrological model, are shown in Figure 3 . 
B. Hydraulic modelling and flood visualization
The modeled runoff hydrographs were used as the main input for hydraulic model. The hydraulic modelling in this research was conducted for the last 5.1 km of Kayu Ara river. The hydraulic model, HEC-RAS, were incorporated with GIS using HEC-GeoRAS extension to prepare geospatial data. Therefore, 25 surveyed cross-sections at 200 m interval were used to create Digital Elevation Model (DEM) of the main channel.
The calibration process of HEC-RAS consisted of a total of 20 events. The flood events for calibration were selected from the historical data since 1996 at the water level station, which was located at the outlet of Kayu Ara river basin. In the validation process, HEC-RAS simulated the flood events using the calibrated parameters. A total of 10 events, other than calibration rainfall events, were employed to validate the model. Furthermore, results of the hydraulic model were visualized using HEC-GeoRAS. The generated flood extend maps, flood water depth and flow velocity distribution for the ultimate development condition scenarios are represented in 
C. Flood hazard mapping
Flood hazard map covers the geographical areas which could be flooded according to different scenarios [12] . The magnitude of the damage depends on the flood characteristics such as water depth and flow velocity [13] . In this study, water depth and flow velocity are considered as two main parameters associate with river flood hazard. In order to produce the flood hazard maps for Kayu Ara river basin NSW flood development manual [14] was applied. With some modification, four river flood hazard categories were determined consisting of low, medium, high and severe. These are shown in Figure 7 . Furthermore, the water depth and flow velocity maps which were generated in the previous section were overlaid and analyzed to classify flood hazard for the defined scenarios. These are represented in Figures 7  and 8 . 
D. Flood risk mapping
Risk can be defined as the probability of a loss, and this depends on three elements including hazard, vulnerability, and exposure. If any of these three elements in risk increases or decreases, then the risk increases or decreases, respectively. Exposure refers in the context of floods only to the question whether people or assets are physically in the path of flood waters or not, vulnerability may be defined as the conditions determined by physical, social, economic, and environmental factors or processes, which increase the susceptibility of a community to the impact of hazards. This concept is demonstrated in Figure 9 . Fig. 9 . River flood risk definition [13] Given Figure 9 , to produce flood risk map for the study area four main factors were included, those can fulfil three components of risk definition. The first one was flood hazard map which was created by combining water depth and flow velocity. Then, the flood hazard map was classified in four classes, low, medium, high and extreme hazard. For each class one value was defined that shows its level in term of flood risk (Table II) . The second factor which involves in flood risk estimation is land-use type, which contributes to the vulnerability factor. For instance, in land-use map, residential and commercial areas maintain higher risk in comparison with other land-uses such as roads, water bodies, parks, forests and open areas. The land-use map was classified in two classes, "residential and commercial" and "non-residential and non-commercial". Therefore, in land-use map pixels with "residential and commercial" class are assigned "4" and "non-residential and commercial" are assigned "1" (figure 10b).
The third factor for preparation of flood risk map was accessibility to main road. A vulnerability analysis considers the population and structures at risk within the flood inundated area. In term of vulnerability, the emergency responses may be required, which includes the need for evacuation and emergency services. In river flood event the accessibility to main road is important at least for two purposes; evacuation of people from inundated area and emergency services. In fact, locating far from the main road may lead to slower emergency response during flood inundation and consequently higher risk (Figure 10c) .
The fourth factor which is included in the proposed methodology is debris flow risk. As the depth of floodwater increases debris begin to float. For instance, if the flood velocity is significant, buildings can be destroyed and cars and caravans can be swept away. In certain areas, the buildup of debris and the impact of floating objects can cause significant structural damage to buildings and bridges at the downstream. Hence, fast moving floodwaters carrying debris expose a greater threat to both people and structures, than those with no debris. In this case, debris risk was considered as a function of distance from the source of the flood. In order to classify the risk value for debris flows for Kayu Ara river basin, the distance from the most upstream is considered and assumed by moving towards downstream amount of debris, and consequently, the debris risk is increasing (Figure 10d ).
All the above mentioned maps were converted into raster format with 1 m pixel size. In each map, proper values were assigned for each pixel and combined. Then, the result map (flood risk) was created based on the summarized risk values of river flood hazard, land-use type, main road accessibility and debris flow. For instance, minimum value for the flood risk map is 4 which reflects the combination of the pixels with "Low" class in flood hazard map, "non-residential and commercial" class in land-use type map, "0-100 m" class in main road accessibility and "0-1500 m" class in debris flow hazard map. On the other hand, maximum is 16 represents pixels with "Extreme" class in flood hazard map, "residential and commercial" class in land-use type map, "> 300 m" class in main road accessibility and "> 4500 m" class in debris flow hazard map. Finally, the flood risk map was categorized into four classes based on the value of each pixel; "Low" (values 4,5 and 6), "Medium" (values 7, 8 and 9), "High" (values 10, 11 and 12) and "Extreme" (values 13, 14, 15 and 16). Figure 12 shows summarized the proposed methodology for flood risk map prediction. Figures 13 and 14 
IV. CONCLUSION
The following conclusions can be considered according to results of this research:
i. An increase in river basin land-use development condition leads to increase of imperviousness of the river basin and volume and peak discharge of the generated runoff hydrograph.
ii. HEC-GeoRAS and HEC-GeoHMS are powerful tools as pre-processor for preparation of geospatial input data and also as a post-processor for visualization of the hydraulic model results for HEC-RAS and HEC-HMS models, respectively.
iii. The generated water level by hydraulic model is significantly sensitive to river basin land-use development condition and magnitude (ARI) of rainfall event.
iv. Flood water depth and flow velocity are the most important elements of flood hazard mapping. However, the generated flood hazard pattern distribution is more influenced by water depth in comparison with flow velocity.
vi. The proposed methodology for flood risk map prediction in an urban area is a simple technique which can contribute to the research area. This case study confirms the efficiency of the method to some extent. However, more detailed analysis need to be undertaken towards a well-developed and applicable framework.
